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PollutantsExperimental results are presented on the emissions from a single combustion chamber stove burningwood, coal
and processed fuels. This technique was used to permit comparisons to bemade of the inﬂuence of different fuel
types without it being inﬂuenced by the effects of secondary combustion. Measurements were made of CO, NOx
and ﬁne particulates during themajor phases of combustion, namely ﬂaming and smouldering.Measurements of
the particulates were made in two ways: ﬁrstly using a gravimetric total particulate measurement and secondly
using a cyclone technique to give PM2.5 and PM10 size fractions. Smoke emissions from the different fuels were
very dependent on thephase of combustion especially for the total particulate results,whereﬂaming phase emis-
sions were much higher than in the smouldering phase. It was found that the particulate emission factors for the
wood fuels were dependent on the volatile content whilst the coals followed a different pattern. NOxwas linearly
dependent on the fuel-N content for all the fuel types, but the relationship for biomass is different from that for
coal. CO emissions were very dependent on the combustion phase.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
A number of countries have introduced energy policies in order to
reduce greenhouse gases. In the case of heating applications this has
led to an increase in the use of wood burning stoves and boilers partic-
ularly in Europe, although coal burning appliances are still widely used
inmany parts of theworld. The use of solid biofuels has been the fastest
growing energy source in the UK in the last two decades and a similar
situation applies across the EU. Inmany cases these appliances use a sin-
gle combustion chamber originally designed for the combustion of coal
and often the combustion process is poorly controlled. More recently
stoves designed speciﬁcally for biomass fuels and employing better
fuel preparation have reduced the extent of the emissions. Nevertheless
there are still concerns about the health effects particularly from ﬁne
particles and NOx [1–5] as well as from the inﬂuence of black carbon
and organic compounds on climate change [6,7].
In the UK the Renewable Heat Incentive (RHI) [7] has been promot-
ed for both domestic and commercial application which advocates the
use of low carbon technologies including the use of biomass fuels. Sim-
ilar schemes operate in many parts of Europe; in Ireland a combination
of higher prices and policies such as the Greener Homes Scheme has re-
sulted in a greater use of wood for domestic heating. The UK Clean Air. This is an open access article underAct and RHI [8] place emission limits on small appliances when tested
to standard methods (BS PD 6434 and BS EN 303-5). A variety of emis-
sions limits or test standards operate around the world. In the EU there
is a proposal to bring in much tighter legislation by 2022 (Eco-design)
for solid fuel local space heaters, with particulate emissions and NOx
varying according to fuel type. The emphasis on emissions is currently
directed to both ﬁne particulates and NOx. Many of the particles pro-
duced are below 1 μm in diameter which are the most hazardous to
health [1]. Wood burning is also associated with high emissions of or-
ganics such as polycyclic aromatic hydrocarbons (PAH) which are
known to bemutagenic and carcinogenic [2–4]. Consequently a number
of research programmes have looked in detail at the emissions from
wood-fuelled appliances [3,9–18] and there is also interest in pre-pro-
cessing the fuels to reduce emissions.
In this paper we have used a ﬁxed grate stove with a single com-
bustion chamber. This type of stove has the advantage of giving in-
formation on the emissions directly released from the primary
combustion of the fuel enabling the effects of different fuel types to
be studied. Thus we have studied a range of fuels, two woods, a
torreﬁed fuel, a peat, a biomass/coal blend and two smokeless
fuels. This design is still widely used in many countries for domestic
heating. Measurements were made of the particulate and gaseous
emissions during a single combustion cycle for a number of fuels
used typically in the UK and Ireland in order to obtain insight into
the effects of the different phases of combustion, ﬂaming and smoul-
dering, on pollutant formation. A ﬂue gas sample dilution tunnel wasthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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obtained only on the primary products formed.
2. Experimental methods
2.1. Fuels used
A total of eight fuels were studied which are listed in Table 1. They
consist of three groups; (1) two woods, these having similar moisture
levels to avoid the complications resulting from too many variables,
(2) a pre-treated biomass fuel and (3) coal or coal derived fuels, these
being included for comparison purposes. Biomass fuels were shredded
using a Retsch SM100 cutting mill to a size of b1 mm, and were then
milled using a SPEX 6770 cryogenic grinder to achieve a very ﬁne parti-
cle size required for analysis. The mineral fuels were milled using a
Retsch PM100 ball mill. All samples were sieved to ensure a particle
size of 90 μmor less. Thewood logs weremilled and analysed including
the bark.
Proximate analysis on the coal and smokeless fuels was carried out
according to BSO ISO 17246. For the biomass fuels, proximate analysis
was carried out according to BS EN 14774-3 for moisture, BS EN
15148 for volatile matter and BS EN 14775 for ash. These are the same
as for mineral fuels, but the moisture was determined in air rather
than nitrogen, and the ashing temperature is 550 °C rather than 815 °
C. The 50:50 blended fuel was tested both ways for comparison pur-
poses. Ultimate analysis (CHNS) was carried out on a CE Instruments
Flash EA1112. Gross caloriﬁc values (GCV) were determined on a
weight % dry basis by bomb calorimetry using a Parr 6200 Calorimeter.
Cl and P were determined via ion chromatography of the washings fol-
lowing bomb calorimetry. This method is in accordance with Method A
of BS EN 15289:2011. The P and Ca valueswere determined bymeans of
nitric acid digestion and ICP-MS, and K values were determined using
atomic absorption spectroscopy (AAS) since it is more accurate than
ICP-MS. The data obtained are given in Table 2. VM denotes volatile
matter and FC the ﬁxed carbon content.
2.2. Combustion experiments
A ﬁxed bed stove (Waterford Stanley Oisin) was used which meets
the current designs to use multiple fuels. The appliance is nominally
rated as having a maximum non-boiler thermal output of 5.7 kW and
an efﬁciency of 79% and in these experiments the unit was run at ap-
proximately full load. A diagram of the unit and the ﬂue and sampling
arrangements are shown in Fig. 1. The internal dimensions of the com-
bustor are 250 × 270 × 190mm(height ×width× depth)with a deﬂec-
tor plate across the top section. The geometry of the combustion
chamber was unchanged in all the experiments. There is a single prima-
ry air supply under the gratewhich ismanually controlled via a damper.
The dimensions of the gratewhich determines the distribution of the air
ﬂow aswell as themovement of the fuel particles and ash in the burning
bed are shown in Fig. 2. The stovewasmounted on an electronic balanceTable 1
Fuels types used in the study.
Fuel no. Fuel type Physical description
1 Domestic ﬁrewood (A) Commercially available seasoned mixed hardwood.
2 Domestic ﬁrewood (B) Air dried hardwood (silver birch) logs, ~200 mm lo
3 Torreﬁed wood briquettes Torreﬁed spruce wood (bark-free). Briquettes appro
4 Peat briquettes Briquettes of pressed peat. Length ~185 mm diam. ~
5 Bituminous coal Premium grade bituminous coal (Poland) supplied
6 Biomass/coal blend Briquetted blend of 50% olive stone/50% low sulphu
7 Low smoke fuel Cosyglo (supplied by Arigna Fuels). Anthracite base
8 Smokeless fuel Ecobrite (supplied by Arigna Fuels). Anthracite baseand the general arrangement of the test equipmentwas largely in accor-
dance with BS EN 13240. Each run was started using the stove at room
temperature to replicate a cold start.
Sampling was undertaken by means of ports in the ﬂue positioned
1.43 m above the stove as shown in Fig. 1. The insulated ﬂue had an in-
ternal diameter of 125mm. The stovewas directly underneath a labora-
tory extraction system which applied a continuous draught of 12 Pa as
required for the nominal heat output test in BS EN 13240.
A weighed batch of fuel which was in the range of 2–3 kg was used
for each run, with no re-loading being undertaken; this mass was cho-
sen on the basis of BS13240 and the nominal heat output and efﬁciency.
As far as possible the fuels were placed on the grate in a similar way
each time with a uniform level bed layer. The sizes of the fuels are
given in Table 1. All of the briquetted fuels were approximately the
same size and logs of a similar size were selected but in this case there
was a greater variation. There are some small deviations from the strict
application of the standard method (such as the diameter of the ﬂue)
but in these experiments using a small stove the objective is to compare
fuels using combustion of a single batch of fuel. Theprimary airﬂowwas
adjusted on the basis to give 100% excess air for the coal-based fuels and
150% for the biomass fuels as recommended by the manufacturer for
this stove. Ignition was undertaken by means of a known mass of ﬁre-
lighters which were arranged in the same position on the grate for
each experiment. The early part of the ignition phase is inﬂuenced by
this process and these results are not included.
Flue gas samples were taken when ignition was complete and com-
bustion established. Their composition wasmeasured using a Testo 340
instrument for O2, CO2, CO, NO, NO2, SO2 as well as the ﬂue gas temper-
ature. The accuracy of the gas composition measurements was ±5%.
Flue gas velocity and ﬂow rate were measured using a Wöhler DC100
computer for pressuremeasurements and an S-type pitot tube, in accor-
dance with BS EN ISO 16911-1.
The particulate content in the combustion gases was measured in
two ways. In the ﬁrst, PM10 and PM2.5 were determined using a cyclone
set (US EPA Method 201a and BS ISO 25597). Here a sampling probe
consisting of cyclones, a pitot tube and a thermocouple is inserted di-
rectly into the ﬂue. Flue gas is drawn through the sampling nozzle
into the cyclone separators and then through a heated line into a set
of impingers to collect water and other condensables, and then to a
dry gas metre. The cyclones were mounted externally to the ﬂue at a
controlled temperature of 170 °C. As far as possible isokinetic sampling
was used but with the low ﬂow rate in the ﬂue (b1.5 m s−1) this was
difﬁcult and is not necessary for the relatively small particulate sizes
[19]. Sampling was carried out for a period of typically 20 min for each
fuel. The ﬁlters were stored at 5 °C prior to analysis.
In the second method, total particulate matter (PMt) was determined
using a gravimetric method which required 25 L of sampled gas passed
through aWhatmanGF/F glassmicroﬁbre (0.7 μm)ﬁlter paper,with a sec-
ond one used as a backing ﬁlter paper. The gas was taken via a heated line
at 120 °C and passed through the ﬁlter papers which were in a holder
mounted on a furnace at 70 °C. The furnace arrangement permitted the
gases to be cooled to this temperature and permitted the condensation~200 mm long; diam. ~70 mm
ng; diam. ~70 mm
x. 70 mm diameter. From Andritz AG. Torrefaction temperature approx. 280–295 °C.
70 mm
in lumps ~100 mm
r petroleum coke, coal and anthracite. Approx. 80 mm diameter
d commercially available product, 84 × 65 × 35 mm briquettes.
d commercially available product, 50 × 50 × 30 mm briquettes.
Table 2
Proximate and ultimate analyses and gross caloriﬁc values (GCV) for the fuels used.
Fuel no. 1 2 3 4 5 6 7 8
Fuel type Wood A Wood B Torreﬁed briquettes Peat briquettes Coal Biomass blend Low smoke Smokeless
VM (% db) 84.2 79.3 72.1 64.4 39.7 14.0 23.4 8.2
Ash 0.1 0.9 1.0 4.9 4.2 6.7 5.5 5.2
FC 15.8 20.5 27.6 33.4 57.9 80.1 72.1 86.9
MC (% ar) 8.4 7.8 4.6 7.1 7.2 2.7 6.3 3.4
C (% daf) 53.3 51.6 54.7 59.1 82.1 74.3 78.0 81.6
H 6.1 5.9 5.8 5.0 4.8 3.6 3.9 3.4
N 0.4 0.6 0.1 1.6 1.9 1.7 1.6 1.7
S 0.03 0.02 0.04 0.4 0.4 2.1 0.4 2.0
Cl (% db) 0.03 0.02 0.04 0.11 0.06 0.05 0.05 0.02
P (ppm db) 3591 4142 4059 3750 3608 4815 3980 3629
Ca 18,386 11,978 8766 27,244 5923 10,261 16,375 5867
K 583 3487 1280 89 265 11,168 723 767
Zn 140 823 55 47 1 0 21 0
GCV
(MJ kg−1 db) 19.5 18.8 23.0 20.6 36.3 27.6 34.5 33.3
ar = as received; db = dry basis; daf = dry ash free.
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be the same as that recommended in the dilution tunnel standard [BS
3841]. Three repeat measurements were taken in each combustion
phase for each fuel and the arithmetic mean average reported. EachFig. 1. Diagram showing the equipment arrangement.samplewas taken for 5min before theﬁlter paperswere changed. Allﬁlter
papers were stored in a desiccator for 24 h prior tomeasurement. Particu-
late matter was examined using a Hitachi SU8230 scanning electron mi-
croscope (SEM). Samples were platinum coated.
Values of elemental carbon (EC) and organic carbon (OC) were de-
termined using a thermo-gravimetric method (TGA) which yields
time-weighted-average measurements. The Total Carbon (TC) is the
sum of EC and OC. This method was adopted because in this study
there was a very high particle loading on the ﬁlters which rendered
them unsuitable for thermal/optical analytical methods. Thus we used
a TGA with a nitrogen carrier gas and we assume that OC is equivalent
to the volatile content (105 °C− 550 °C in N2) and EC is equivalent to
the ﬁxed carbon content (550 °C in air). It allows accurate comparisons
to be made between the different soot samples.
3. Experimental results
3.1. Fuel properties
Thermogravimetric analyses (TGA) were made on all the fuels. The
heating rates used were those employed for the determination of the
proximate analysis based on the BS methods. The TGA results obtained
are shown in Fig. 3 together with the heating proﬁles employed.
The proximate, ultimate, and gross caloriﬁc value (GCV) results for
each fuel measured in the conventional way presented in Table 2 are
consistent with the TGA plots. There were difﬁculties in theFig. 2. Diagram showing the grate arrangement.
Fig. 3. TGA results for the fuels studied. 1: wood A; 2: wood B; 3: torreﬁed wood bri-
quettes; 4: peat briquettes; 5: coal; 6: coal/biomass blend; 7: low smoke fuel; 8; smokeless
fuel. Temperature —-.
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nature, for example, the wood samples contained bark whilst the bio-
mass/coal mixture contained components of greatly differing VM con-
tent. However the trends are important and are clearly identiﬁed. Of
particular note in Fig. 3 and Table 2 is the trend in the volatile content
with thewoods having the highest values and the smokeless fuel having
the lowest value.
Batch combustion in a ﬁxed bed follows three major stages. Ignition
occurs ﬁrst once the surface material of the fuel devolatilises and forms
a gaseous ﬂame. Once this ﬂame is established the ‘ﬂaming phase’ takes
place characterised by the combustion of volatile products and their de-
composition products (secondary pyrolysis products) as luminous dif-
fusion ﬂames. Thirdly the smouldering phase occurs which is
characterised by heterogeneous char combustion and limited visible
gas phase combustion. Elasser et al. [17] have recently identiﬁed four
combustion phases but in the present work we have used the simpler
classiﬁcation of the twomajor phases,ﬂaming and smouldering because
of the difﬁculty of distinguishing between the other phases.
Measurements weremade of themass burning rates for all fuels and
these are shown in Fig. 4. These are consistent with the TGA results
shown in Fig. 3. The initial maximum value is followed by a declineFig. 4. Variation of burning rate with time for each of the fuels. (a) fuels 1–4; (b) fuels 5–8.with occasional slight increases due to the movement of the fuel in
the bed. The time during a combustion cycle at which samples are
taken for particulate analysis was found to have a substantial inﬂuence
on the emission data. It is interesting to note that the high volatile wood
fuels release a high concentration of highly carbonaceous dark smoke
during ﬂaming combustion. In contrast the torreﬁed fuel burns more
slowly and has a more uniform rate of heat release and of smoke
emission.
The average burning rates for the ﬂaming and smouldering phases
for all the fuels are given in Table 3.
As expected the ﬂaming rates are approximately proportional to the
volatile content (VM) since they are dependent on the volatile matter
releasedwhilst the smouldering rate is proportional to the Fixed Carbon
(FC) values given in Table 2. Theﬂue temperatures reﬂected the burning
rates and approximately followed the same pattern with time and their
values ranged from 150 to 350 °C.
3.2. NOx and SOx emissions
NOx measurements were made throughout the combustion cycle.
NOx emission factors were calculated for both ﬂaming and smouldering
phases on the basis of 13% O2 content in the combustion gases. These
values are given in Table 4 where the errors are ±10%. The values aver-
aged over the whole cycle are also given.
The NO2 content was always less than 5 mol% for the biomass and
15 mol% for the coal based fuels. The emission factors vary signiﬁcantly
with the fuel-N content; the values for the nitrogen content of the bio-
mass fuels (b0.6wt.% daf) ismuch lower than for the coal and peat sam-
ples. Plots are given for the emission factors for both phases in Fig. 5.
It is seen that the NOx emission factors for each fuel are dependent
on the phase of combustion, that is, whether it is ﬂaming or smoulder-
ing, although the effect is not large. The variation with fuel-N content
is interesting because they are dependent only on the fuel-N content
and not on the fuel type. It is well known that NOx emissions from
coal combustion [20] and from biomass combustion [21] are a function
of the fuel-N content but it has not been shown that the emissions from
all these fuels follow the same linear relationship for combustion in a
stove. This probably arises because the fuel-N present in all these fuels
consists mainly of cyclic N-compounds and so the formation of NO. A
similar situation will also hold for the conversion during the smoulder-
ing period where the common feature is the char-N. The NOx emissions
predominantly resulted from fuel-NOx because relatively small
amounts of thermal NOx are formed in the residence times available in
either the ﬂaming or smouldering phase. The evidence for this comes
from (a) on the basis of a calculated residence time of 0.2 s and an aver-
age combustion chamber temperature of 1500 K then the computed
NOx yield is 1 ppm using the method used by us previously [22], (b)
CFD calculations for a similar wood furnace but at a higher temperature
gave a value of 25 ppm [23].
The sulphur content varies between 0.02% for the wood fuels to 2.0%
for smokeless fuel (no. 8)whilst the 50:50 test fuel (no. 6) has a sulphur
content of 2.1% which has implications for SOx emissions. The conse-
quence is that the equilibrium SO2 concentrations are about 50 ppmTable 3
Average burning rates during ﬂaming and smouldering phases for the different fuels.
Fuel











NOx emissions factors for the different combustion phases.
Fuel
ppm at 13% O2 mg MJ−1
Flaming Smouldering Flaming Smouldering Average over whole cycle
1 88 40 152 67 110
2 98 54 175 93 142
3 74 32 134 56 85
4 274 190 504 345 438
5 184 105 274 153 204
6 216 237 367 401 390
7 219 161 345 253 287
8 195 167 292 249 259
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range of 350 to 1500 ppm. Thewood ash was studied using energy-dis-
persive X-ray spectroscopy (EDX) and this showed relatively low un-
burned carbon content and a high presence of Si, Ca and K. Some of
the SO2 is retained by the ash forming calcium compounds and the
ﬂue gases contained less than the calculated equilibrium amount and
typically 10 ppm SO2 was found experimentally.Fig. 6. The variation of (a) the burning rate, ■, and emission factors for PM, ●, and (b)
emissions factors for CO, □, and NOx, ×, for the burning of torreﬁed wood briquettes
(fuel no. 3).3.3. Particulate matter emissions
The PM emissions factors for each fuel are dependent on the fuel
studied also on whether the fuel is ﬂaming or smouldering. A typical
plot of the fuel burning rate and the total particulate emission (PMt)
from the combustion of the torreﬁed wood (no. 3) as measured by the
gravimetric method is shown in Fig. 6(a). The distinction between the
ﬂaming and smouldering phases is best done by direct visual observa-
tion and it coincides with a change in the CO and NOx emissions as
shown in Fig. 6(b). The change is gradual and often complicated by ran-
dommovement of the burning fuel bed despite keeping the combustion
conditions as similar as possible. This can result in errors in deﬁning the
phases of combustion.
Particulate samples were taken periodically during the combustion
cycle and the weight of the sample determined at the points shown in
Fig. 6. Each point represents a sample taken over a 5 min period. The
total particulate measured for each combustion phase is the average ofFig. 5. NOx emissions for each fuel plotted against fuel nitrogen content for (a) ﬂaming,
and (b) smouldering phases.the values in that region. It was found that the particulate samples con-
sist of two components: a carbonaceous black smokewhich deposits on
the ﬁrst ﬁlter paper and a yellowish material containing potassium that
is collected on the second (backing) ﬁlter paper. The material on the
second ﬁlter paper must have a particle size less than 0.7 μm. It was
also noticed that the smoke on the ﬁrstﬁlter paper of the second sample
taken just after the peak of devolatilisation was brownish in colour, in
contrast to all the other samples which were black. This brown soot
(brown carbon) is tar-like rather than particulate as is the case with
the black soot.
The PMt emission factors measured by the gravimetric method for
the different fuels are given in Table 5 for the different combustion
phases. They are presented in terms of mg m−3 at 70 °C which is the
temperature at which theyweremeasured. The results show a substan-
tial difference between PM emission rates in the ﬂaming and smoulder-
ing phases. Average ﬁgures over the whole of the combustion cycle are
also given. There is also a difference in the ranking of the fuels, depend-
ing on the basis used for comparison. The results on an energy basis are
shown in Fig. 7.
The trends are quite marked since the PM released during the ﬂam-
ing phase is much greater than for smouldering but the differences are
much reduced in the case of the ‘smokeless’ fuels, torreﬁed wood and
the smokeless coal. The experimental errors in these values are ±10%.
The PM emissions in both phases for the two woods (nos. 1 and 2) areTable 5
PMt emissions factors for the two combustion phases as determined by the gravimetric
method for all of the fuels.
Fuel






1 81 10 45
2 145 21 83
3 37 9 23
4 151 14 83
5 515 26 271
6 151 44 97
7 66 22 44
8 29 11 20
Fig. 7. Comparison of total particulate (PMt) emissions factors from the ﬂaming and
smouldering phases using the gravimetric method for the different fuels (fuel nos. 1–8).
Fig. 8.Plot of the averageﬂamingphase particulate emission (PM) against the volatile con-
tent (VM) for the fuels.
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is much smaller. The coal (no. 5) gives the highest value with the peat
(no. 4) and the blend (no. 6) giving intermediate values. The low
smoke fuel (no. 7) is similar to the wood and the smokeless fuel (no.
8) is similar to the torreﬁed woods.
The size fractions PM10 and PM2.5 were determined for some of the
fuels using the cyclone method as well and the results for the ﬂaming
phase are presented in Table 6.
It is shown in Table 6 that there are signiﬁcant differences in the
emission factors reported by the twomethods. Four fuels have been se-
lected, a wood, a torreﬁedwood, peat and a smokeless coal, which have
signiﬁcant differences in their volatile content. The major factor
resulting in the difference in the particulate emission factor by the
two methods is in the choice of particulate collection temperature.
The cyclone method which is at 170 °C would largely collect elemental
carbon (EC) whilst the gravimetric method at the lower temperature of
70 °C will also collect involatile organic matter such as the PAH com-
pounds (i.e. TC which is the sum of EC and OC.). Here we have taken
the values for PM2.5 (assumed to be mainly produced in the ﬂaming
phase) as well as the values form the gravimetric from the ﬂaming
phase (taken from Table 5 but shown here for comparison purposes).
In principle this should give values for Elemental Carbon (EC) / Total
Carbon (TC). In the case of wood (no. 1) this method gives a value of
0.8 ± 0.1, in the case of the torreﬁed wood (no. 3) and the peat (no.
4) both give 0.9 ± 0.1, and for the smokeless fuel (no. 8) a value of
0.5 ± 0.1. The signiﬁcance of these values is discussed later.
The results from the cyclone tests also show that a very small
amount of PM greater than 2.5 μm was collected for any of the fuels.
This is consistent with observations which show that the majority of
particles are below PM2.5 and even PM1 for example, as shown in refer-
ences [9,18]. These soot particles are fragile and can easily fragment
once they enter the atmosphere. This has been veriﬁed by electron mi-
croscopy studies of the particles on the ﬁlter papers. The individual par-
ticles were between 50 nm and 90 nmbut are aggregated in the form of
chains. Larger particles can be formed by the formation of loosely boundTable 6
PM10 and PM2.5 emission factors for selected fuels by the cyclone method at 170 °C and
comparison with the gravimetric method at 70 °C.
Fuel
Emission factor (mg MJ−1)
Cyclone Gravimetric
PM10 PM2.5 Flaming phase
Wood A 95 91 111
Torreﬁed briquettes 40 32 69
Peat briquettes 214 210 230
Coal 189 185 313
Smokeless fuel 15 14 30carbonaceous aggregates and this is much more marked with the coal
particulates than for the biomass particulates. As a result there is a visi-
ble difference between the soot collected frommineral-based fuels and
woody fuels.
Plotsweremade of the average total particulate against volatilemat-
ter (given in Table 2) and this is shown in Fig. 8. The origin is set at 9%
VM because it is the value for coke which does not produce smoke dur-
ing combustion [24]. The data consist of two main groups. The woods
(nos. 1–3) lie on one line, the coal based fuels (5–8) lie on a different
line and produce more smoke. The single point for peat (no. 4) lies in
an intermediate position.
As is well known the total particulate mass from the combustion of
biomass and coal consists of both carbonaceous soot and inorganic aero-
sols, the contribution of the latter from coal combustion is relatively
small. In the case of the combustion of wood no. 1 the grate losses
were measured and it was found that 1.0 g of ash was left from the ini-
tial 3.0 kg of fuel and the unburned carbon in the ash was less than
10 wt.%. Using the data in Table 2 it is seen that some of the ash in the
original fuel is lost and if this is mainly due to evaporation of the potas-
sium salts into the of combustion air, it would give a concentration of
aerosol of 10–20mgMJ−1. This is consistentwith the results of other re-
search e.g. [18]. Thus in this workwith a single stage combustor the car-
bonaceous soot is the dominant particulate emitted. The plot in Fig. 8 is
therefore that of the carbonaceous particulate matter and it can be seen
that the plot for the biomass fuels (nos. 1, 2 and 3) and the coal-based
fuels lie on different lines. Peat (no. 4) which is partially coalﬁeld has a
degree of coaliﬁcation intermediate position between the coal and the
biomass, which it has in the plots in Fig. 8. These results are consistentFig. 9.Plot of EC/TC for (a)woodA (no. 1),□, (b)wood B (no. 2),■, (c) torreﬁedwood (no.
3),▲, (d) coal (no. 5), ×, and smokeless fuel (no. 8), ●.
Table 7
CO emission factors for the different combustion phases.
Fuel
ppm at 13% O2 mg MJ−1
Flaming Smouldering Flaming Smouldering
Average over
whole cycle
1 4817 14,372 5041 14,648 9845
2 2000 8112 2172 8507 4706
3 708 5553 781 5972 4084
4 2989 8779 3341 9688 5985
5 2334 12,229 2113 10,804 6941
6 2785 7417 2885 7629 6169
7 5078 15,495 4863 14,806 11,143
8 2775 9068 2518 8186 6853
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follows different routes [25,26].
Values for EC/TCwere determined for ﬁve fuels, the twowoods (nos.
1 and 2), the torreﬁed fuel (no. 3), the coal (no. 5) and the smokeless
fuel (no. 8) during the combustion process. The data obtained are
shown in Fig. 9.
The CO can be produced by the incomplete combustion of the vola-
tiles in the ﬂaming phase or from the combustion of the char in the
smouldering phase; in both cases the CO is oxidised by the excess air
to form CO2 in the later stages of the combustor. In the case of rich ho-
mogeneous gaseous hydrocarbon ﬂames there is a correlation between
CO concentrations and soot yield (and also PAH because the formation
routes are linked) and this is the case in the ﬂaming phase. We ﬁnd
this is not the case since the CO emission during the smouldering
phase is higher than the ﬂaming phase-as shown by comparing Table
5with Table 7. There is also considerable ﬂuctuating combustion behav-
iour during the combustion process as observed by many others e.g.
[17], this being due to the settling movement during the combustion
of the fuel particles of char. The average concentrations during the dif-
ferent combustion phases for the different fuels are listed in Table 7. It
is also interesting to note that the CO emission from the torreﬁed fuel
is much lower than that from any of the other fuels.See Table 8
The level of CO emitted is dependent on the time temperature histo-
ry above the burning bed and is characteristic of this type of unit. In par-
ticular the concentrations will be reduced if a secondary combustion
chamber is ﬁtted.
These values for CO, smoke and NO should be compared with the
limits set in the UK [8] and in Europe [27] for small boilers. In the UK
the RHI limits for new stoves (ﬁtted with boilers, which is not the case
here) are 30 g GJ−1 for particulate matter and 150 g GJ−1 NOx. In the
EU, whilst no limits have been agreed at present for small stoves or
space heaters, values have been agreed for small boilers b59 kW
where the limit for CO is 3000 mg m−3at 10% O2; organic compounds
100 mg m−3and particulate matter 150 mg m−3. Values have not
been speciﬁed for NOx. In order to achieve these limits for particulate
emission a secondary combustion chamber would be necessary.
4. Discussion
4.1. The general features of biomass combustion
The factors determining combustion behaviour of biomass are: (1)
the geometrical shape of the fuel, the porosity and the tendency of theTable 8
Comparison of previous results [10,11]mgMJ−1 with average results in thiswork given in
parenthesis.
Polish coal (Wujek) [15] Lump pine wood
CO 2990 (6941) 2400 (4700)
NOx 162 (204) 32 (140)
Particulate 294 (169) 116 (80)fuel to undergo fragmentation. Here some fuels are in lump form of var-
ious sizes and others are briquetted. The external surface area of the fuel
particle determines the rate of initial devolatilisation as well as the sub-
sequent progress of the ﬂame front into the particle and combustion of
the char formed. These determine the burning rate and consequently
the temperature in the combustion chamber, (2) the chemical
composition—C, N and ash content and volatile content, and (3) the
supply of air and operating conditions especially the fuel loadwhich de-
termines the fuel/air ratio.
The general features of the combustion of biomass and coal are gen-
erally understood [5,25,26,28] and there are many similarities such as
the major steps of devolatilisation and char burn out. But there are
some signiﬁcant differences particularly in relation to the formation of
smoke from biomass [25] compared with coal [26]. Many research
groups have measured emission factors for various types of furnaces
and it is not possible to list them all here. But only a few research groups
have measured emission factors for both biomass and coal in the same
appliances. The emission factors are approximately in accord with
those observed in our previous work using biomass or coal and indeed
co-ﬁring [10,11], although for a slightly different furnace with a contin-
uous feed and a secondary combustor. Such furnaces with continuous
operation and secondary combustion chambers will emit lower levels
of particulate matter, CO and organic material.
4.2. NOx formation
The formation of NOx can only be formed by the oxidation of fuel-N
groups at the temperatures found here. The combustion of coal results
in the formation of HCN [29]. In the case of biomass the fuel nitrogen
compounds form bothHCN andNH3, but in the case of wood themajor-
ity of the product is HCN [22]. Consequently the straight line relation-
ship shown in Fig. 5 might be expected since the chemical mechanism
is similar and the rate of release of these compounds is determined by
the mass burning rates; it is clear from Fig. 4 that they are not too
dissimilar.
4.3. Particulate, organics and CO formation
The routes leading to the formation of smoke from biomass [25] and
from coal [26] are different. In the former, pyrolysis of the different con-
stituents, cellulose and lignin can form soot via theHACA (hydrogen ab-
straction–C2H2 addition) route or via aromatic compounds respectively.
Coal mainly forms soot from the PAH and tar compounds released from
the coal structure. However one feature is common and that is here they
are all burning in the form of large particles which burn out slowly. It is
seen from Fig. 4 that soot is released from both the ﬂaming andmost of
the smouldering phases and it seems that volatiles or their secondary
products are being released throughout thewhole combustion cycle; in-
deed the amount of soot released is approximately proportional to the
total mass of fuel burned. There are fragments of incompletely
combusted fuel in the ash in both the case of biomass or coal based
fuels as indicated in electronmicroscope photographs. Thus themecha-
nism we have previously put forward [5,10,11] and which is
summarised in Fig. 10 would apply to both phases of combustion and
for all the fuels studied here. The route via aromatic species would be
dominant during the ﬂaming phase and the smouldering route would
be largely based on a HACA type route [5].
The smoke consists of carbonaceous particulates some ofwhichhave
formed chains and agglomerated together with KCl aerosol and frag-
ments of char. The data on size distribution shows that from this stove
themajority of the particulate is below 2.5 μm. The formation of organic
compounds such as PAH is an integral part of the soot forming mecha-
nism and the ratio of the elemental carbon (EC) to the organic carbon
(OC) is determined by the combustion chemistry of the volatiles pro-
duced by a particular solid fuel. The amount of OC bound to the EC par-
ticles depends on the initial VM and on the temperature history in the
Fig. 10. The routes to the formation of smoke from biomass or coal, or a blend.
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mation of CO follows a pattern depending on the phase of combustion.
The initial stages of combustion involve devolatilisation from the outer
layer of the particle releasing volatiles that then form both smoke and
CO, both eventually forming CO2 if the time–temperature conditions
permit but the residence in most small units preclude this happening.
In the smouldering phase the outer layer of the fuel particle will consist
of char with some unreacted fuel decomposing in the core of the parti-
cle. The char will readily burn with the incoming oxygen producing
greater quantities of CO and smaller amounts of smoke-as observed.
The KCl will be equally released during both phases of combustion.
Torrefaction of biomass has been found to reduce particulate emissions
from combustion by approx. 40% compared to the source material,
achieved by the reduction in volatile content.
Many researchers have stressed the importance of the ratio of Black
Carbon (BC) to Organic Carbon (OC) in the combustion of carbonaceous
fuels in relation to the impact on the climate. Effectively BC is equivalent
to the elemental carbon (EC). The data in Fig. 9 shows that the values of
EC/TC vary during the combustion cycle. In the operation of a real com-
bustor it would be refuelled before it reaches the full extent of the
smouldering stage and so here we have taken mean values of EC/TC
from the ﬂaming stage. These values are: wood A (no. 1), 0.4; wood B
(no. 2), 0.6, torreﬁed wood (no. 3,) 0.4 and coal (no. 5), 0.8. In addition
here we determine the averaged total particulate at two temperatures,
namely at 170 °C and 70 °C. At the former temperature most of the OC
would be lost giving a value of ECwhilst at 70 °Cmost of it would be col-
lected giving a value of the total amount of EC andOCwhich is effective-
ly total carbon, TC. Hereweﬁnd that for themain part of the combustion
forwoodA that EC/TC=0.8 and for the torreﬁedwood and peat is 0.9; a
smokeless fuel (no. 8) gave a value of 0.5. This method using selective
condensation of the organic fraction depends on the volatility (and
VM content) of the organic fraction released and varies from wood,
torreﬁed wood and smokeless coal.
Measurements obtained using a similar combustion arrangement
but using Aerosol Time of Flight Mass Spectrometry (ATOFMS) gave
values of EC/TC of 0.4 for ﬂaming and 0.3 smouldering for a soft wood
[30]. A similar log fuelled combustion system although with two-stage
combustion was found to give a value of EC/TC of 0.47 [31].
5. Conclusions
1. Eight fuelswhich includedwoods, torreﬁed fuels, coal and smokeless
coal and which have substantial differences in their volatile content
were burned as lumps in a single combustion chamber residentialstove. The total particulate matter emissions (PMt) associated with
coal based fuels followed a linear relationship with the volatile con-
tent, the wood based fuels followed a different linear relationship
whilst the single peat result was intermediate between the two clas-
ses. The torreﬁed fuel gave the lowest emission of the fuels studied.
These arose because of the difference in the mechanism of soot for-
mation of these fuels.
2. A linear relationship was found between the fuel-nitrogen content
and the NOx emitted for all fuels whether wood-based or coal-
based. The wood fuels and torreﬁed wood briquettes showed the
lowest NOx emissions (b100 ppm at 13% O2) due to the lowest
fuel-bound nitrogen content. The levels of NOx emissions from the
coal-based fuels were approximately twice that of the wood fuels.
3. A cyclone set was used to determine the PM2.5 and PM10 size frac-
tions. It was found that the majority of particles are below PM2.5 for
all fuels whether wood-based or coal based. This was conﬁrmed
with SEM imaging and is consistent with the observations of other
researchers.
Acknowledgements
We wish to acknowledge the assistance of Mr. K. Trattner (Andritz
Group) for supplying the torreﬁed spruce briquettes and helpful advice
from Professor K.D. Bartle, Mr. G. Stammers (Veolia, UK) and Mr. M.
Smurthwaite (Westech Scientiﬁc Instruments). We acknowledge
support from the Supergen Bioenergy Hub (EP/J017302) and the
EPSRC Centre for Doctorial Training in Energy Technology for a Low
Carbon Future (EP/G036608).
References
[1] A.K. Bølling, J. Pagels, K.E. Yttri, L. Barregard, G. Sallsten, P.E. Schwarze, C. Boman,
Health effects of residential wood smoke particles: the importance of combustion
conditions and physicochemical particle properties, Part. Fibre Toxicol. 6 (2009) 20.
[2] L.S. Johansson, B. Leckner, L. Gustavsson, D. Cooper, C. Tullin, A. Potter, Emission
characteristics of modern and old-type residential boilers ﬁred with wood logs
and wood pellets, Atmos. Environ. 38 (2004) 4183–4195.
[3] T. Nussbaumer, C. Czasch, N. Klippel, L. Johansson, C. Tullin, Particulate emissions
from biomass combustion in IEA countries. Survey on Measurements and Emission
Factors IEA Bioenergy Task 32 Zurich, (2008) ISBN 3-908705-18-5, (www.ieabcc.
nl).
[4] L.P. Naeher, M. Brauer, M. Lipsett, J.T. Zelikoff, C.D. Simpson, J.Q. Koenig, K.R. Smith,
Woodsmoke health effects: a review, Inhal. Toxicol. 19 (2007) 67–106.
[5] A. Williams, J.M. Jones, L. Ma, M. Pourkashanian, Pollutants from the combustion of
solid biomass fuels, Prog. Energy Combust. Sci. 38 (2012) 113–137.
[6] T.C. Bond, S.J. Doherty, D.W. Fahey, P. Forster, T. Berntsen, et al., Bounding the role of
black carbon in the climate system. A scientiﬁc assessment, J. Geophys. Res. Atmos.
118 (2013) 5380–5552.
123E.J.S. Mitchell et al. / Fuel Processing Technology 142 (2016) 115–123[7] O. Hodnebrog, G. Myhre, B.H. Samset, How shorter black carbon lifetime alters its cli-
mate effect, Nat. Commun. 5 (2014) 5065, http://dx.doi.org/10.1038/ncomms6065.
[8] Renewable Heat Incentive, Department of Energy and Climate Change, UK Govern-
ment, 2015 (www.gov.uk).
[9] J.D. McDonald, A.B. Zielinska, E.M. Fujita, J.C. Sagebiel, J.C. Chow, J.G. Watson, Fine
particle and gaseous emission rates from residential wood combustion, Environ.
Sci. Technol. 34 (2000) 2080–2091.
[10] A.B. Ross, J.M. Jones, S. Chaiklangmuang, M. Pourkashanian, A. Williams, K. Kubica,
J.T. Andersson, M. Kerst, P. Danihelka, K.D. Bartle, Measurements and prediction of
the emission of pollutants from the combustion of coal and biomass in a ﬁxed
bed, Fuel 81 (2002) 571–582.
[11] E.M. Fitzpatrick, J.M. Jones, M. Pourkashanian, A.B. Ross, A. Williams, K.D. Bartle, K.
Kubica, The mechanism of the formation of soot and other pollutants during the
co-ﬁring of coal and pine wood in a ﬁxed-bed combustor, Fuel 88 (2009)
2409–2417.
[12] A.B. Ross, E.M. Fitzpatrick, J. Bates, G.E. Andrews, J.M. Jones, H. Phylaktou, A.
Williams, Emission of oxygenated species from the combustion of pine wood and
its relation to soot formation, process, Saf. Environ. Protect. Inst. Chem. Eng. 85
(b5) (2007) 430–440.
[13] C. Schmidl, I.L. Marra, A. Caseiroa, P. Kotianova, A. Bernera, H. Bauera, A. Kasper-
Giebla, H. Puxbaum, Chemical characterisation of ﬁne particle emissions from
wood stove combustion of common woods growing in mid-European Alpine re-
gions, Atmos. Environ. 42 (2008) 126–141.
[14] M. Evtyugina, C. Alves, A. Calvo, T. Nunes, L. Tarelho, M. Duarte, S.O. Prozil, D.V.
Evtuguin, C. Pio, VOC emissions from residential combustion of Southern and
mid-European woods, Atmos. Environ. 83 (2014) 90–98.
[15] O. Uski, P.I. Jalava, M.S. Happo, J. Leskinen, O. Sippula, J. Tissari, J. Mäki-Paakkanen, J.
Jokiniemi, M.-R. Hirvonen, Different toxicmechanisms are activated by emission PM
depending on combustion efﬁciency, Atmos. Environ. 89 (2014) 623–632.
[16] M. Bente, M. Sklorz, T. Streibel, R. Zimmermann, Online laser desorption-multipho-
ton postionization mass spectrometry of individual aerosol particles: molecular
source indicators for particles emitted from different trafﬁc-related and wood com-
bustion sources, Anal. Chem. 80 (2008) 8991–9004.
[17] M. Elasser, C. Busch, J. Orasche, C. Schon, H. Hartmann, J. Schnelle-Kreis, R.
Zimmermann, Dynamic changes of the aerosol composition and concentration dur-
ing different burning phases of wood combustion, Energy Fuel 27 (2013)
4959–4968.
[18] T. Torvela, J. Tissari, O. Sippula, T. Kaivosoja, J. Leskinen, A. Virén, A. Lähde, J.
Jokiniemi, Effect of wood combustion conditions on themorphology of freshly emit-
ted ﬁne particles, Atmos. Environ. 87 (2014) 65–76.[19] L.E. Cottone, E. Messer, Test method evaluations and emissions testing for rating
wood stoves, Project Summary (1987) U.S. EPA. Research Triangle Park, NC 27709
[20] A. Williams, M. Pourkashanian, J.M. Jones, Combustion of pulverised coal and bio-
mass, Prog. Energy Combust. Sci. 27 (2001) 587–610.
[21] P. Sommersacher, T. Brunner, I. Obernbergee, Fuel indexes: a novel method for the
evaluation of relevant combustion properties of new biomass fuels, Energy Fuel
26 (2012) 380–390.
[22] L.I. Darvell, L. Ma, J.M. Jones, M. Pourkashanian, A. Williams, Some aspects of model-
ing NOx formation arising from the combustion of 100% wood in a pulverized fuel
furnace, Combust. Sci. Technol. 186 (2014) 672–683.
[23] T. Klason, X.S. Bai, Computational study of the combustion process and NO forma-
tion in a small-scale wood pellet furnace, Fuel 86 (2007) 1465–1474.
[24] G.K. Hargrave, M. Pourkashanian, A. Williams, The combustion and gasiﬁcation of
coke and coal chars, Proc. Combust. Inst. 21 (1986) 221–230.
[25] E.M. Fitzpatrick, J.M. Jones, M. Pourkashanian, A.B. Ross, A. Williams, K.D. Bartle,
Mechanistic aspects of soot formation from the combustion of pine wood, Energy
Fuel 22 (2009) 3771–3778.
[26] E.B. Ledesma, M.A. Kalish, P.F. Nelson, M.J. Wornat, J.C. Mackie, Formation and fate of
PAH during the pyrolysis and fuel-rich combustion of coal primary tar, Fuel 79
(2000) 1801–1814.
[27] EU Commission Regulation No 813/2013 implementing Directive 2009/125/EC of
the European Parliament and of the Council with regard to ecodesign requirements
for space heaters and combination heaters.
[28] A. Williams, R.I. Backreedy, R. Habib, J.M. Jones, M. Pourkashanian, Modelling coal
combustion: the current position, Fuel 81 (2002) 605–618.
[29] P. Glarborg, A.D. Jensen, J.E. Johnsson, Fuel nitrogen conversion in solid fuel ﬁred
systems, Prog. Energy Combust. Sci. 29 (2003) 89–113.
[30] A.R. Lea-Langton, M.T. Baeza-Romero, G.V. Boman, B. Brooks, A.J.M. Wilson, F. Atika,
K.D. Bartle, J.M. Jones, A. Williams, A study of smoke formation from wood combus-
tion, Fuel Process. Technol. 137 (2015) 327–332.
[31] J. Orasche, T. Seidel, H. Hartmann, J. Schnelle-Kreis, J.C. Chow, H. Ruppert, R.
Zimmermann, Comparison of emissions from wood combustion. Part 1: emission
factors and characteristics from different small-scale residential heating appliances
considering particulate matter and polycyclic aromatic hydrocarbon (PAH)-related
toxicological potential of particle-bound organic species, Energy Fuel 26 (2012)
6695–6704.
